In our previous paper [Phys. Rev. D 89 (2014) 124029], cited as [1], we attempted to find Robinson-Trautman-type solutions of Einstein's equations representing gyratonic sources (matter field in the form of an aligned null fluid, or particles propagating with the speed of light, with an additional internal spin). Unfortunately, by making a mistake in our calculations, we came to the wrong conclusion that such solutions do not exist. We are now correcting this mistake. In fact, this allows us to explicitly find a new large family of gyratonic solutions in the Robinson-Trautman class of spacetimes in any dimension greater than (or equal to) three. Gyratons thus exist in all twist-free and shear-free geometries, that is both in the expanding Robinson-Trautman and in the non-expanding Kundt classes of spacetimes. We derive, summarize and compare explicit canonical metrics for all such spacetimes in arbitrary dimension.
Introduction 2 General Robinson-Trautman and Kundt geometries and
Einstein's equations for aligned gyratonic matter
The metric of the most general D-dimensional Robinson-Trautman or Kundt geometry can be written as ds 2 = g pq (r, u, x) dx p dx q + 2 g up (r, u, x) du dx p − 2 du dr + g uu (r, u, x) du 2 ,
(see Eq.
(1) in [1] ) where x is a shorthand for (D − 2) spatial coordinates x p . Recall also that the nonvanishing contravariant metric components are g pq (an inverse matrix to g pq ), g ru = −1, g rp = g pq g uq and g rr = −g uu + g pq g up g uq (so that g up = g pq g rq and g uu = −g rr + g pq g rp g rq ). The null vector field k = ∂ r generates a geodesic and affinely parameterized null congruence which is twist-free and shear-free, provided g pq,r = 2Θ g pq . In the Robinson-Trautman class of geometries, this congruence has a nonvanishing expansion Θ = 0, while Θ = 0 defines the Kundt class.
Einstein's equations for the metric g ab read R ab − 1 2 R g ab + Λ g ab = 8π T ab , where Λ is any cosmological constant. We study spacetimes with a gyratonic matter aligned with k [16, 18, 22] . In the coordinates of (1), the nonvanishing components of the energy-momentum tensor T ab are T uu (r, u, x) , T up (r, u, x) ,
where T uu corresponds to the classical pure radiation component while T up encode inner gyratonic angular momentum. Since its trace T ≡ g ab T ab vanishes, Einstein's equations simplify to
In our previous paper [1] , we explicitly calculated all complicated components of the Ricci tensor R ab , namely Eqs. (32)-(37). While these are correct, we made an unfortunate mistake in evaluating the conditions T ab ;b = 0 following from the Bianchi identities. Indeed, Eqs. (54) and (55) in [1] are wrong. Their correct form is
where the symbol || denotes the covariant derivative with respect to the spatial metric g pq , that is
) are the Christoffel symbols with respect to the spatial coordinates only.
Complete integration of the field equations
As in [1] , we will now perform a step-by-step integration of the Einstein field equations (3) for Θ = 0. Some results will remain the same, but due to the corrected constrains (4), (5), gyratonic solutions are actually found to exist.
The equation R rr = 0
This field equation remains unchanged, providing us with the expansion scalar
and thus the (D − 2)-dimensional spatial metric
which are the same expressions as Eqs. (57) and (58) of [1] .
The equation R rp = 0
Also this equation has a correct solution given by Eqs. (61) and (62) of [1] , that is
and
respectively. Here e p ≡ h pq e q and f p ≡ h pq f q are arbitrary functions of u and x. Using (6)- (8), we can fully integrate the corrected energy-momentum conservation equations (4), (5), yielding
where J p (u, x) and N (u, x) are arbitrary integration functions of u and x, and J p ||p ≡ h pq J p||q . These expressions rectify wrong Eqs. (63) and (64) of [1] .
The equation
R ru = − 2 D−2
Λ
Since this field equation is unaffected by the above-mentioned mistakes, Eq. (67) of [1] is correct, so that the corresponding metric function is
which leads to
3.4 The equation
This Einstein field equation was also correctly evaluated and integrated in [1] . It turns out that in any dimension D ≥ 4, necessarily f p = 0 (15) for all (D − 2) spatial indices p (interestingly, in lower dimension D = 3, the single function f remains arbitrary, see [15] and section 4.2 below). Consequently, the most general RobinsonTrautman line element takes the form
where
The functions h pq and e p are constrained by the equations
that are also imposed by the field equation
Here, R ≡ h pq R pq is the Ricci scalar curvature of the spatial metric h pq which is the r-independent part of g pq . Notice that due to (7), the corresponding Ricci tensor is R pq ≡ S R pq , while R ≡ S R r 2 . Due to (18) , the transverse (D − 2)-dimensional Riemannian space must be an Einstein space.
The equation
This Einstein equation now takes the form
The gyratonic term T up on the right hand side is given by the corrected expression (10), namely
This gives us four conditions
In our previous paper we used wrong expression T up = J p r, which lead us to wrong relations b ,p = 0 and subsequently J p = 0, cf. Eqs. (86) and (92) in [1] . Thus, we were mislead to the incorrect conclusion that there are no gyratonic solutions in the Robinson-Trautman class of geometries. But such solutions do exist since nonzero J p is obviously allowed by admitting a spatial dependence of the function b(u, x) in (24) .
Moreover, as shown in our paper [1] , complicated equations (22) and (25) are identically satisfied. Equation (23) clearly restricts the dependence of the spatial Ricci scalar R on the spatial coordinates x p , namely
There is thus a significant difference between the D = 4 case of classical relativity and the extension of Robinson-Trautman spacetimes to higher dimensions. The remaining equation (24) gives
Therefore, in any dimension D ≥ 4 we obtain the gyratonic matter component
3.6 The equation
This final equation determines the relation between the Robinson-Trautman geometry and the pure radiation matter field represented by the profile N (u, x) in (11).
For (6)- (9) and (14) with (15), the Ricci tensor component R uu becomes 
1 Recall that e n ||n ≡ h nm e m||n , e p||q ≡ ep,q − em S Γ m pq , a ||p||q ≡ a,pq − a,n S Γ n pq etc., see [1] for more details.
Employing the explicit form (17) of g rr with the help of (19) we obtain
where a is given by (20) , c is given by (13) , and △a ≡ h mn a ||m||n denotes the covariant Laplace operator on the (D − 2)-dimensional transverse Riemannian space. Now, in the Appendix of our previous work [1] we proved the non-trivial identities e m e n h mn,u − e n (e p e p ) ,n − e n e n c = 0 ,
which are valid in any dimension D ≥ 4. These appear in the terms in (31) proportional to r, r 0 , and r −1 , respectively. Einstein's equation R uu = 2 D−2 Λ g uu + 8π T uu with (11) thus simplifies to
Moreover, due to (28) the gyratonic matter functions J p always obey the "divergence relation"
so that the r 1−D part of equation (35) is identically valid. Also, (D − 4) a ,n = 0 in any dimension D ≥ 4, see equations (23) and (20) . Consequently, the field equation (35) reduces to
The factor △a proportional to r −2 is always zero in any D > 4 due to (26), while in the D = 4 case it is combined with the terms proportional to r 2−D = r −2 . The last Einstein's field equation thus reads
This is a complete and explicit solution for gyratons with aligned pure radiation in the RobinsonTrautman class of geometries (16) in four and any higher dimension D.
According to (28), specific properties of the corresponding gyraton are encoded in the metric function b(u, x), and in the related off-diagonal functions e p (u, x). The gyratonic matter is absent when J p = 0, which is equivalent to b ,p = 0. In other words, there are no gyratons if (and only if) the function b(u) is independent of any spatial coordinates.
Summary and discussion
By fully integrating all Einstein's equations we explicitly proved that there are gyratons in the Robinson-Trautman class, as they are in the Kundt class. A null matter field in these geometries can thus have its "internal spin"/angular momentum.
Robinson-Trautman gyratons in D ≥ 4
The most general D-dimensional (D ≥ 4) Robinson-Trautman line element in vacuum, with a cosmological constant Λ, and possibly the pure radiation matter field with an additional gyratonic component, characterized by
can be written as
with the functions h pq (u, x), e p (u, x) and b(u, x) constrained by the field equations (18), (19) and (24), (37), that is
The first equation (44) restricts the Riemannian metric h pq of the transverse (D − 2)-dimensional space covered by the coordinates x p (with R pq and R being its Ricci tensor and Ricci scalar). Any Einstein space metric h pq is admitted. The second constraint (45) imposes a specific coupling between this spatial metric h pq and the off-diagonal metric components represented by (D − 2) functions e p . Equation (46) directly expresses the gyratonic matter profile functions J p (u, x) in (40) in terms of the spatial derivatives of b(u, x) (recall also the relation (36) which enables us to express the function J N (u, x) .
In particular, in any higher dimension D > 4, the field equation (47) simplifies to (38), while in the usual D = 4 case it takes the form (39). In the no-gyraton (J p = 0) case, that is for b ,p = 0, equation (39) reduces exactly to the classical Robinson-Trautman equation (see [5, 6] with the identification a = 1 2 R = △(log P ) = K, b = −2m(u), c = −2(log P ) ,u , where K is the Gaussian curvature of the spatial metric h pq = P −2 δ pq ). Equation (38) generalizes the field equation previously derived in [7] to admit the gyratonic matter in D > 4.
Vacuum spacetimes are obtained when J p = 0 = N . First of all, this arises when b = 0 (and R is constant, which is true in any D > 4 due to (23)).
Comparison to Robinson-Trautman gyratons in D = 3
In our recent work [15] , we integrated Einstein's field equations for a general 3-dimensional Robinson-Trautman metric in vacuum, with a cosmological constant Λ, and possibly a pure radiation field and gyratons. The matter field takes the form
where N (u, x) and J (u, x) are functions determining the (density of) energy and angular momentum. The corresponding generic metric can be written in the form
The functions P (u, x), e(u, x), f (u, x) and a(u, x) are constrained just by two equations, namely
where △c ≡ P (P c ,x ) ,x is the transverse-space Laplace operator applied on the function c, defined by c ≡ 2 P (P e) ,x + (ln P ) ,u . Generically, by prescribing an arbitrary gyratonic function J (as well as any metric functions P, e, f ) we can always integrate (51) to obtain a(u, x). Subsequently, its partial derivative a ,u (and other given functions) uniquely determines the pure radiation energy profile N via the field equation (52).
It is remarkable that in D = 3 the function f (u, x) in the metric (50) remains arbitrary and, in general, non-vanishing. This is an entirely new feature which does not occur in dimensions D ≥ 4. Indeed, it was demonstrated in [7] [8] [9] that for the Robinson-Trautman class of spacetimes in four and any higher dimensions necessarily f p = 0 for all (D − 2) spatial components. In this sense, the D = 3 case is surprisingly richer than the D ≥ 4 cases.
In the specific subcase f = 0, the metric (50) basically reduces to the form (42), (43) (where, of course, R = 0) with the two remaining field equations (51), (52) simplifying considerably to
Since a here corresponds to b in (43), these two equations are very similar to equations (46), (47). The only difference is the additional term △c in (54). In fact, it is not possible to set D = 3 in (47) because in this number of dimensions the terms in (31) proportional to r 2−D and r −1 combine together, introducing thus the term △c into the correct field equation (54). Surprisingly, a lengthy calculation (using (57), (59), standard properties of covariant derivatives, the identity (A.15) from [1] , and also the Bianchi identities) reveals that equations (63) and (64) are, in fact, identically satisfied as a consequence of previous equations (61) and (62). 4 We thus conclude that the most general Kundt metric with aligned gyratonic matter can be written in the form (58) with (59), in which the metric function a given by (60) is constrained by (61), the function b is determined by (62), and the function c satisfies equation (65). The particular subcase D = 3 is presented and discussed in more detail in [15] .
There is a great simplification in the case when f p = 0 for all p. In fact, it was shown in our previous work [10] 
where, as in the Robinson-Trautman case, cf. (18), h pq is the spatial metric of any Einstein space,
equation (61) 
respectively. Equation (68) relating b ,p to J p is similar to equation (24) in the Robinson-Trautman case, while equation (69) relates the metric function c to N . The corresponding gyratonic matter takes the form
In fact, this f p = 0 subclass of Kundt spacetimes (66)-(71) contains all particular gyratonic solutions discussed in the literature so far, see [22, 23] for a review and a list of references.
